Allopolyploid vs. autopolyploid origins of polyploid species of the genus Lathyrus have been tested by the C-banding technique and electrophoretical procedures for 11 genetic loci belonging to six isozyme systems. Results of both experiments suggest for the polyploid populations of L. palustris and L. pratensis an autopolyploid origin from their respective diploid counterparts. Nevertheless, L. venosus seems to have originated through allopolyploidy involving two sympatric diploid species, L. ochroleucus and L. palustris.
Introduction
The genus Lathyrus contains about 150 species principally distributed in the temperate and tropical regions of both hemispheres (Alkin et al., 1985; Narayan, 1991) .
Two peculiar chromosomal characteristics have been observed in species included in this genus. Firstly, in spite of the large number of species indicated above, only one, L. venosus Müh., has been considered as polyploid (2n = 4x = 28). Secondly, a limited number of them, like L. pratensis L. and L. palustris L., show an interpopulational polymorphism for ploidy level. Thus, diploid and tetraploid populations (2n = 2x = 14 and 2n = 4x = 28) have been described in L. pratensis and diploid and hexaploid (2n = 2x = 14 and 2n = 6x = 42) in L. palustris.
Lathyrus pratensis is a wild perennial species that is native in Europe, Asia and North Africa and has been introduced into America. Tetraploid populations grow in the west of the British Isles. Tetraploid and diploid populations are sympatric in some regions of the Netherlands, Belgium and France. Lathyrus palustris is a perennial species that occurs naturally in Asia and northern Europe and has also been introduced into North America (Kupicha, 1983) .
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diploid ones, however, are limited to the north-west of the Iberian peninsula and south Alaska. Lathyrus venosus is a perennial species that grows in Canada and in the north of the U.S.A.
While all polyploid species of Lathyrus are perennial and geographically distributed in cold and humid regions of the northern hemisphere, diploid species are generally annuals distributed in xeric regions. This climatic pattern of distribution agrees with the hypothesis that polyploid species are more adaptable to a wider range of environmental conditions (Stebbins, 1989) , a fact which could be attributed to their genetic plasticity and hardiness compared with their progenitors.
According to some authors all the polyploid species and populations have an autopolyploid origin (Narayan, 1991) but others (G. L. Stebbins, personal communication) propose an allopolyploid origin for L. venosus from the two sympatric and diploid species L.
palustris and L. ochroleucus L. (2n 2x= 14). The latter is a perennial species, widely distributed along the east-west border between Canada and the U.S.A. (Kupicha, 1983) .
Unfortunately there are few published data on the cytogenetics and molecular markers of these species of Lathyrus that could be useful to discriminate between an allopolyploid vs. autopolyploid origin of polyploid populations.
In this paper we present data on cytogenetic characters and isozyme markers of populations of these four species that support the allopolyploid origin for L. venosus and the autopolyploid origin of polyploid populations of L. pratensis and L. palustris.
Materials and methods

Materials
The materials used in this work included several samples of L. pratensis, L. palustris, L. venosus and L. ochroleucus (Table 1) . Some samples were collected in diverse regions of Spain and others were kindly provided by different Germplasm Banks, Botanical Gardens and research workers. Chromosomal similarities and groupings among chromosomes of different ploidy levels and species were determined by cluster analysis, carried out by the BMDP-2M FORTRAN program (Engelman, 1983) , of the 12 chromosomal characters described above. The probability of correct grouping was tested with a discriminant analysis by the BMDP-7M FORTRAN program (Jenrich & Sampson, 1983) .
Electrophoretic methods Crude extracts from cataphyls of 15-20-days old seedlings (40-50 seeds per accession) were analysed by horizontal starch gel electrophoresis for 11 loci belonging to six different isozymatic systems: glutamic oxaloacetic transaminase (GOT, E.C. 2.6.1.1), phosphoglucose isomerase (PGI, E.C. 5.3.1.9), peroxidases (PRX, E.C. 1.11.1.7), leucine aminopeptidase (LAP, E.G. 3.4.11.1), malic dehydrogenase (MDH, E.G.
1.1.1.37) and phosphogluconic dehydrogenase (PGD, E.G. 1.1.1.44). The methods used for electrophoresis and staining were those described by Vences et al. (1987) .
The allelic and genotypic frequencies obtained from the electrophoretic data were utilized to estimate unbiased genetic distances (Nei, 1973) and genotypic similarities (Hedrick, 1971) , respectively. Phenograms were obtained by the Unweighted Pair Group Method clustering analysis (Sneath & Sokal, 1973 Each chromosomal pair was identified by the 12 chromosomal characteristics observed in the four species analysed (Fig. 2) . A Roman numeral was assigned to each of the chromosomes of diploid species and an Arabic numeral to the chromosomes of polyploid species (Figs 1 and 2) . In both cases the smallest numeral was assigned to the largest chromosome and the largest numeral to the smallest one.
Chromosomal relationships Apart from genetic factors at least three factors related to the life cycle of these species prevented hybridization between species or between populations of the same species with different ploidy levels. The dormancy period of seeds extended to several months and germination induction by mechanical or chemical treatments was generally unsuccessful. The vegetative phase prior to the onset of flowering was also very long (in some cases 3 years). Finally, the small number of plants that flowered did not coincide in flowering time, thus preventing hybridization. In conclusion, all these phenomena made it impossible to carry out chromosome analyses at meiosis that would have shown homologous or homeologous relationships between chromosomes at different levels (species or ploidy). The difficulty in obtaining interspecific hybrids has been pointed out previously by Hitchcock (1952) and Kupicha (1983) , who studied hybrids between North American species which are also unusual in often being polyploids.
To overcome all these problems we decided to establish by statistical methods the similarities between the chromosomes of diploid and polyploid populations of L. pratensis and L. palustris, between the chromosomes of polyploid populations within the species and between the chromosomes.
Statistical analyses were performed using the 12 chromosomal characters cited above and all characters were weighted equally. Firstly, we studied the chromosomes by cluster analysis and from the dendrogram obtained we established different groups of similarity (Fig. 3) . Secondly, we checked the reliability of the groupings by a discriminant analysis because this method considers not only the similarities between the chromosomes but also the statistical variance within and between groups. In this way the best grouping was obtained when the intragroup variances was minimum but the intergroup variance was maximum (Table 2 ).
Cluster analysis of the 12 qualitative and quantitative chromosomal characters (Fig. 3 ) of polyploid accessions of L. pratensis (2n = 4x = 28) and L.
palustris (2n = 6x = 42) yielded obvious groups of chromosomal similarity for morphology, size and C-banding pattern. However, in the tetraploid L.
venosus no logical groups of chromosomal similarity were observed (Fig. 3) .
In tetraploid L. pratensis the cluster analysis showed six groups of close similarity for the 14 chromosome pairs (Fig. 3) . Each group contains a pair of chromosomes: ' pr2pV 3pr4pr 5 pr6 pr' 9pr10pr 1 1pr42pr 13pr
The probabilities of successful groupings supplied by the discriminant analysis were very high (P>0.947) in these six groups (Table 2) . Nevertheless, chromosomes 7pr and are grouped independently by both statistical methods. In any case the probabilities supplied by discriminant analysis were higher for these six groups than for any other possible chromosome combinations.
On the other hand, some of the hypothetical groups established by the cluster analysis between diploid and tetraploid chromosome complements of L. pratensis are ambiguous (Fig. 3) because they include some of the polyploid chromosome pairs previously indicated and two chromosomes of diploid complement (III,,,-IVprSi,r6pr) while chromosomes 13pr'4pr and 9pr1°pr group with pr11pr Nevertheless, the other two groups seem to be sufficiently defined (Ipr• 'nr2pr' 11n, 3pr4pr) by this analysis.
The results of discriminant analysis between diploid and tetraploid complements of L. pratensis (Table 2) supplied four groups of high similarity (Ipr1pr2pr, "pr 3pr4pr IVprSi,r6pr, and Vpr-7pr-8py; P> 0.9). However, the last group must be rejected because morphological similarity between these chromosomes is minimal (Figs  1 and 3) . The grouping could be considered a spurious by-product generated by the discriminant analysis itself (intragroup variance vs. intergroup variance).
In hexaploid L. palustris cluster analysis differentiated (Fig. 3) five groups of similarity, including three different chromosomes in each one (1pa2pa3pa, 4pu 5pa6p,' 9-l 13pa14pu'5pa 19pa20pa21j,a). Discriminant analysis supplied the highest probability of correct grouping for each one of this group (Table   2) .
Cluster analysis between diploid and hexaploid complements (Fig. 3) showed three well-defined chromosome groups (ipa 1pa2pa3pa pa4pa5pa6pa "pa 9pa' '7pa1 8pa). Two other groups (V,a l3pu-'4pa ISP", V1Ipal9pa20p,,21p,,), although sufficiently well defined, are distorted to some extent by the inclusion of chromosomes 10pa1
and IV, respectively (Fig.  3) . Discriminant analysis confirms the five groups of chromosomes with high values of probability ranging narrowly between 0.833 and 1.000 for the three former groups, and between 0.995 and 1.000 for the two latter ones ( Table 2) .
As indicated above, cluster analysis in L. venosus (Fig. 3) supplied no useful results to establish the similarity between chromosomes of the tetraploid species. Nevertheless, with this method we were able to identify four groups of chromosomal similarity between diploid L. palustris and L. venosus (Ipa1ve, 111pa3ve' '1pa7ve, VI1-1 1 ,,) and another four between L. ochroleucus and L. venosus (Inc2ve, huboc_4ve, V110cl4ve, Voc13ve) (Fig. 3) . The probability of correct pairing ranged between 0.806 and 1.000 for the first group and between 0.689 and 0.988 for the second group (Table  2) , Since the probability was very low for the Vo(13ve pair it was rejected.
From these statistical analyses we conclude that the polyploid populations of L. pratensis and L. palustris are of autopolyploid origin. They further suggest an allopolyploid origin for L. venosus because we can statistically establish several groups of chromosomal similarity at different levels of comparison. The autotetraploid nature of L. pratensis is further suggested by the quadrivalent configurations in the meiosis of tetraploid individuals (Brunsberg, 1977) .
However, some chromosomes of diploid complements are not, or are only slightly similar to, chromosome groups of polyploid species. Moreover, some related chromosomes did not show identical chromosomal morphology and C-banding pattern. These results can be explained from general and specific arguments. First and foremost, the rejection of polyploid evolution as a simple process of doubling the chromosome numbers as this quantitative change in chromosome number and nuclear DNA content is only one of a series of complex processes that must take place for polyploidy to be successful in nature. Secondly, hybridization that produces genetic and/or chromosomal heterozygosity, mutation to be a different ploidy level and gene-controlled regularization of chromosome pairing are all changes as important for successful polyploid evolution as is the doubling or trebling of the chromosome number. In this way we must always distinguish between polyploidy as an individual process and polyploid evolution as a complex series of processes (Stebbins, 1980 ). An example of the great importance of hybridization processes for the success of polyploids is the multiple origins of several polyploid plant species (auto-and allopolyploid) described by Soltis et at. (1991) . On the other hand, the evolution of the genus Lathyrus has been associated with an increase in 2C nuclear DNA amounts (Rees & Durrant, 1986; Narayan, 1991) . Even though there is no correlation between genome size and total chiasma frequency between species in Lathyrus, within complements chiasma frequency increases proportionally to the amount of DNA in the chromosomes (Narayan & McIntyre, 1989 ). Thus we must not expect the original chromosome structure of progenitor species to remain. MI,,, l3pr 1.000 l4pr 1.000
Roman numerals indicate chromosomes belonging to diploid karyotypes, arabic numerals refer to polyploid karyotypes.
Genetic similarity
As similarity for isozyme loci was estimated at the genetic level, we needed to know the genetic control of different isozyme loci. To achieve this we used the genetic control deduced from several F1, F2 and backcrossed progenies in grass pea (L. sativus L.) (Vences & Gutiérrez, 1992; Gutiérrez & Vences, 1993) . This was possible because previously we had checked the electrophoretic mobility of the alleles of the species analysed and also the counterparts in grass pea. We found that all isozymatic phenotypes observed in L. pratensis, L. palustris, L. venosus and L. ochroleucus could be explained either by a combination of the different alleles described in grass pea or combinations of these same alleles and some others specific to each species (Fig. 4, Table 3 ).
From the allele and genotypic frequencies two different algorithms were calculated for each isozymatic locus analysed: the genetic distance (Nei, 1973) and genotypic similarity (Hedrick, 1971) indices, respectively.
The phenograms obtained from these two algorithms by the UPGMA method (Fig. 5 ) group all samples of L. pratensis into the same cluster (pr), while samples belonging to the other three species are included in another one (pa, ye, oc). Nevertheless, in this latter cluster the three species are clearly distinguishable because accessions belonging to the different species separate into three well-defined groups.
We found notably high genetic similarities between L. venosus and L. palustris (Table 4 ) and between L. venosus and L. ochroleucus (Table 4) , which are higher than that observed at the interspecific level in other plant species for isozyme loci (Ayala, 1981) . Since a close similarity between these three species has been reported previously for various characteristics such as geographical distribution (Kupicha, 1983) , morphology (Hitchcock, 1952; Kupicha, 1983 ) and biochemi- I- is so even between samples of the same species but with different ploidy levels. This fact is a logical result because the different ploidy levels create a strong isolating barrier between diploid and polyploid populations and high genetic divergence would not be required to prevent hybridization between the two levels (Ayala, 1981) .
However, the Hedrick index suggests that the genotypic structure of diploid populations of L. pratensis and L. palustris is different from their polyploid populations. Thus we can see (Fig. 5 ) that diploid populations group preferentially together and are only slightly mixed with polyploid populations. Likewise, some authors (Brunsberg, 1977) (Hedrick, 1971) and genetic distance index (Nei, 1973 ploid populations of L. pratensis are two different ecotypes (subspecies) of the same species. Since almost all isozymatic alleles of diploid L. pratensis samples are also present in tetraploid samples and the genetic similarity between both ploidy levels is very high, the autopolyploid origin of tetraploid populations of L.
pratensis could be a logical conclusion. Unfortunately, we have analysed only one polyploid sample of L. palustris but the genotypic similarity (see Fig. 5 ) is similar to several comparisons among diploid 7ll141525249716526811O46t81213212Ofl33343l36322313OZ7292B *** ** * * * * *** * ***
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pr pa ye f and tetraploid samples of L. pratensis. For this reason, an autopolyploid origin for the hexaploid population could also be possible.
In conclusion, the results of our isozyme analysis and cytogenetic studies support the allopolyploid origin of L. venosus from the two sympatric species L. palustris and L. ochroleucus and also the autopolyploid origin of tetraploid L. pratensis and hexaploid L. palustris. 
